Plum curculio, Conotrachelus nenuphar Herbst (Coleoptera: Curculionidae), is a key pest of stone and pome fruits in North America. The behavioral response of adults of different physiological states (sex, age, diet, and mating status) to three commercially available synthetic lures, benzaldehyde (BZ) and plum essence (PE), the male-produced aggregation pheromone, grandisoic acid (GA), or their combinations, was studied in the laboratory. Four choice olfactometer bioassays demonstrated significant attraction of both sexes to PE lure. Both BZ and GA lures were not attractive to plum curculio when tested as commercially formulated. PE had higher release rate (1.51 mg/hr) than BZ (0.36 mg/hr) and GA (ca. 0.04 mg/hr), suggesting that the higher attractiveness of PE may be due to its relatively higher release rates. Tests with combined lures showed a neutral effect of combining GA with PE and an inhibitory effect of combining BZ with PE. The physiological conditions of the weevils had no significant effect on their response to the lures. Olfactometer tests with pure 1,2,4-trichlorobenzene (TCB) confirmed that this compound was inhibitory to plum curculio. These results are discussed in relation to the contrasting field reports which implicated BZ + GA as an effective attractant for plum curculio.
Introduction
Plum curculio, Conotrachelus nenuphar (Herbst) (Coleoptera: Curculionidae), is a major pest of many stone and pome fruit crops, which is widely distributed over the United States (U.S.) and Canada, east of the Rocky Mountains [1] [2] [3] [4] . It is the most important direct pest of peaches (Prunus persica L.) in the southeastern U.S. [5] [6] [7] [8] [9] . Adult weevils typically overwinter in wooded lots adjacent to orchards or around fence rows from where they immigrate into peach orchards in the spring beginning around bloom [7, [10] [11] [12] . Like many insects, plum curculio uses olfactory cues, specifically host fruit derived volatiles, to locate host fruit [13] [14] [15] [16] [17] [18] [19] . Earlier studies identified several active compounds from host plants (both fruiting and nonfruiting parts) which are attractive to plum curculio [16, 17, 20, 21] . To date, the most attractive plant-based volatiles for plum curculio are benzaldehyde (BZ) and foliar and woody tissue of plum trees [16, 21, 22] . Benzaldehyde has since been formulated as an attractant for plum curculio and is commercially available as a lure. Plum essence (PE), a commercially available synthetic mixture of plant essence, is also an attractant for plum curculio [23, 24] . The male-produced aggregation pheromone of plum curculio, grandisoic acid (GA), which was identified by [25] , was later shown to act synergistically with BZ to increase adult trap captures in the field [26, 27] . Consequently, a combined lure consisting of BZ and GA was developed in Massachusetts, in USA, [26] and Quebec, in Canada, and remains to date the most widely used attractant for monitoring plum curculio in orchards [22, 26, [28] [29] [30] . The attractiveness of benzaldehyde + GA has, however, been shown to be consistently high in apple orchards in the Northeast but Psyche less so in peach orchards in the mid-Atlantic region [29] . Also, captures of weevils in traps baited with this combined lure or other synthetic attractants can decline rapidly after fruit set due to intense competition from volatiles released by rapidly developing fruit [18, 29] . A recent study in Alabama peach orchards showed that captures of plum curculio in pyramid (also called Tedders trap) and "Circle" or screen traps (the two most popular traps for plum curculio) were improved numerically by the addition of BZ, PE, or GA alone (single lures) and were significantly enhanced only by the addition of the combined BZ + PE lure [9] . The popular combined BZ + GA lure was significantly less attractive than the combined BZ + PE lure. The results suggested an additive interaction between BZ and GA, in contrast to the synergistic interaction reported in Massachusetts apples [26, 30] . These varying results on lure performance may be related to several factors including the type of insect (strains), physicochemical properties of the lures, and differential attractiveness of tree fruit species/varieties, prevailing orchard conditions, strain differences, and physiological state of weevils. Two strains of plum curculio, namely, the northern and southern strains, are known to occur in continental North America. The northern strain has an obligate adult reproductive winter diapause, with one generation per year, whereas the southern strain weevils are multivoltine, with a facultative diapause. There is, therefore, the possibility that the olfactory response of adult plum curculios to synthetic lures may vary according to strain type (e.g., pheromone components produced by southern and northern strain plum curculios might differ). Also, the response to synthetic lures might differ depending on the habitat. For example, the response of plum curculio to synthetic lure has been studied mostly in peach orchards in the south and in apple orchards in the north (e.g., Massachusetts and Quebec). Also the physiological state of insects is known to play a major role in their response to odor cues [31] [32] [33] [34] ; however, we are not aware of any published studies on the response of plum curculio of different physiological states to currently available lures. This research was therefore designed to evaluate effects of physiological factors on the response of plum curculio to commercial lures. Specifically, we evaluated the response of weevils of different physiological status (sex, age, diet, and mating) to single and combined lures of BZ, PE, and GA in laboratory olfactometer bioassays. Based on the knowledge of the field ecology and spring and summer migration of plum curculio from overwintering sites, we tested the following key hypotheses: (i) females will show greater response to the lures than males, (ii) younger (preoviposition adults) weevils will show greater response to the lures than older (oviposition-postoviposition) weevils, (iii) starved weevils will show greater response to the fruit-based lures (BZ and PE) than fed weevils, and (iv) mating will have no significant effect on response of weevils to the lures. Next, the release rates of the lures were determined gravimetrically and used to provide explanations for the results recorded in the olfactometer bioassays. It is hoped that the results of this laboratory study will assist with the interpretation of field data on captures of plum curculio in traps baited with these lures.
Materials and Methods

Test Insects.
The colony of plum curculio adults used for this study was maintained on pesticide-free green thinning apples in a growth chamber at 25 ± 1 ∘ C, 65-70% RH, and 12 : 12 h (L : D) photoperiod. The weevils used to start the laboratory colony were collected from peach orchards in central Alabama and had been reared for more than 10 generations before the tests. The colony was periodically supplemented with weevils collected from the same field locations in Alabama. The rearing procedures followed that of [35, 36] . Females and males were separated using the methods of [37] and then tested separately.
Lure Treatments.
The lures evaluated were commercial liquid formulations of benzaldehyde (BZ), plum essence (PE), and grandisoic acid (GA). The BZ and PE lures were obtained from Great Lakes IPM (Vestaburg, MI), while the GA lure was obtained from ChemTica International (San Jose, Costa Rica). The BZ and PE lures were in liquid form and were used without any major modifications through either dilution or mixing with solvents. The GA lure dispenser consisted of a heat-sealed polymer membrane.
Four-Choice Olfactometer Bioassays.
A four-choice olfactometer (Analytical Research Systems, Gainesville, FL) was used to determine the behavioral response of adult plum curculio of different physiological states to the above lures. The four-choice olfactometer system was similar to that described by [38, 39] . Briefly, the apparatus consisted of a central chamber (30 × 30 × 5 cm) with orifices (arms) at the four corners through which purified and humidified air can be drawn in, creating four potential odor fields, and a central orifice where mixing of the airflow from the arms occurred. In the two experiments described below, only two (adjacent to each other) of the four orifices were designated for lure treatments while the other two adjacent orifices were designated for control (i.e., blank dispenser). In other words, only two lure treatments (binary tests) were compared at a given time. Although the device is designed to use push air, we did not use push air in this study because preliminary experiments indicated that plum curculio responded better to the lures under minimal airflow (near still air) conditions, as has been previously reported [20] . This may be related to the tendency of plum curculio to feign death upon the slightest disturbance. The BZ and PE lures were dispensed by transferring aliquots into 0.8 mL microcentrifuge vials (USA Scientific Inc., Ocala, FL) in which a cotton string (∼2.5 cm long) was threaded through a hole drilled through the lid of the cap to aid in the release of the lures. The GA lure dispenser consisted of a heat-sealed polymer membrane to protect the pheromone. The membrane was removed before placing the dispenser in the olfactometer arm. The lure treatments were placed in their designated olfactometer arms for 20 min prior to release of test weevils to ensure the stabilization of the diffusion of the lures.
Olfactometer Response of Plum Curculio to Commercial
Lures. Two separate experiments were conducted to evaluate Psyche 3 response of plum curculio to the three tested lures. In the first experiment, single lures were evaluated as binary or paired treatments (i.e., BZ versus PE, BZ versus GA, and PE versus GA). In the second experiment, the most attractive single lure determined in the first experiment (i.e., PE) was selected and compared against combined (two component) lure treatments in binary tests (i.e., PE versus BZ + PE, PE versus BZ + GA, and PE versus PE + GA) to determine the type of interaction (i.e., additive, synergistic, neutral, or negative/inhibitory) between any two lures. Weevils of different physiological states such as food deprivation (starved for 24 h versus fed ad libitum), age (preoviposition adults or 10-14-day olds versus oviposition-postoviposition adults or 20-24-day olds), and mating status (unmated versus mated) were tested in both experiments to determine the effect of the above physiological factors on the response of plum curculio to the lures. We considered 24 hr starvation to be enough to generate "hungry" weevils following [15, 16] . These resulted in a total of eight physiological treatments per sex. Groups of five females or males of each physiological treatment were released in the olfactometer and replicated six times per sex. Released weevils were given 30 min to respond by walking into one of the four olfactometer arms. Those that did not make a choice within this period were considered as "nonresponders" and excluded from the test. A weevil was used only once. At the end of the test with each physiological treatment, the olfactometer set-up was rinsed with soap, water, and acetone. The glassware was then heated in an oven to about 200 ∘ C for ∼6 h before reuse. The position of each lure in the olfactometer was alternated after each replicate (i.e., lures were reassigned to different olfactometer arms) to minimize position effect. All bioassays were carried out under red light in a dark room at 25 ± 1 ∘ C, 55 ± 10% RH between 1600 and 2400 h local time from June 2008 to December 2009. The time of day chosen was based on previous report which showed plum curculio adults to be most active in the field during scotophase [40, 41] . Data from each experiment were first analyzed by using standard least square analysis of variance (ANOVA), a model capable of determining the effects of multiple factors, to test for effects of sex (male versus female), age (preoviposition adults or 10-14-day olds versus oviposition-postoviposition adults or 20-24-days olds), diet (fed versus starved for 24 hr), mating status (mated versus unmated), and lure treatments on the response of plum curculio. The model also allowed testing for effects of single (one-way), double (two-way), triple (threeway), ternary (four-way), and five-way interactions (a total of 31 possible interactions) (Table 1 ) among the five factors. Because the model showed no significant effect of age, diet, mating status, or interactions among the majority of the factors on response of plum curculio to the lure treatments (Table 1) , data for these physiological treatments were pooled for each sex and analyzed using one-way ANOVA followed by the Tukey-Kramer honestly significant difference (HSD) test to determine significant differences in the response of each sex to the different lure treatments [42] .
Olfactometer Response of Plum Curculio to Synthetic Chemical Components in Commercial Lures.
Olfactometer bioassays were conducted to evaluate the response of plum curculio to the key chemical components of the BZ and PE lures which are BZ and TCB. The aim was to determine the biologically active chemical components in each lure. The synthetic pure compounds identified in each lure were obtained from Sigma Chemical Co. (St. Louis, MO, USA) and tested against the commercial lures in four-choice olfactometer bioassays using the procedures described above for the lures. One difference was that three odor treatments were compared simultaneously (i.e., multiple treatment comparisons). For this, three of the four arms of the olfactometer were designated for odor treatments, while the remaining arm was designated as hexane control. Two experiments were conducted each comparing three odor treatments versus control consisting of empty microcentrifuge vials. In experiment 1, pure benzaldehyde (BEN) and pure 1,2,4-trichlorobenzene (TCB), the two key chemical components identified in the commercial BZ lure, were compared against BZ lure. The dose of BEN and TCB tested in the olfactometer was similar to the amount of each compound detected in BZ lure by GC-MS. Based on the results of the above first experiment we hypothesized that TCB, which is commercially formulated with BZ lure as a stabilizing agent (but not formulated with PE lure), is likely the compound responsible for the relatively lower attractiveness of BZ lure compared to PE lure. To test this hypothesis regarding "repellent" or "dampening" effect of TCB when formulated with the BZ or PE lure, a second experiment was conducted which compared PE lure (found to be highly attractive in the previous lure tests), pure TCB, and mixture of PE and TCB (PE + TCB). If TCB truly has a repellent or inhibitory effect, we would expect the combined PE + TCB treatment to be less attractive than PE lure. TCB was tested singly with PE at a dose similar to that detected in the BZ lure. In the mixed PE + TCB treatment, both compounds were released from separate vials placed in the assigned olfactometer arm. For each experiment, groups of five female or male weevils (>20 days old, mated, and starved for 24 h) were released in the olfactometer. The experiment was replicated 12 times per sex. Data for each sex were analyzed using one-way ANOVA followed by the TukeyKramer HSD test to determine significant differences in the response of female or male weevils to the different odor treatments [42] .
Estimation of Release Rates of Commercial Lures and Synthetic
Components. The release rates of the commercial lures (BZ and PE) and pure synthetic components identified as released by the lures (BEN/TCB for BZ lure and BEN for PE lure) were determined gravimetrically in the laboratory using the methods described by [29] . Briefly, ∼0.8 mL of each treatment (i.e., BZ lure, PE lure, BEN, or TCB) was transferred into a microcentrifuge vial, which was then weighed on a microbalance (Ohaus Adventurer Analytical Balance; model AR2140, Central Carolina Scale, Sanford, NC). Each vial was then placed in one of the chambers of the four-choice olfactometer. The experiment was conducted at 25 ± 1 ∘ C, 55 ± 10% RH between 1600 and 2400 h local time. The weight of each vial was determined again 24 h later. The experiment was repeated seven times using fresh vials and compounds Psyche each time. The release rate of GA lure was also determined in a parallel study using the same procedures. The mean release rates (mg/day) were calculated for each lure and the synthetic form of their components. A one way ANOVA was performed followed by the Tukey-Kramer HSD test to determine significant differences in the release rates of the different lures and synthetic compounds [42] . (Table 1) . However, the effect of lure was highly significant ( = 259.93, d.f. = 3, and < 0.0001) ( Table 1 ). The only two significant interactions recorded were sex × lure ( = 3.94, d.f. = 3, and = 0.0088) and diet × lure ( = 4.76, d.f. = 3, and < 0.0029) ( Table 1) . Similar results were obtained for the other binary treatment comparisons of single lures (i.e., BZ versus GA and PE versus GA) or mixed lures (i.e., PE versus BZ + PE, PE versus BZ + GA, and PE versus PE + GA). Based on these results which indicated that the physiological conditions of adult plum curculio have very little effect on their response to the lures, data obtained for weevils of different physiological states (i.e., age, diet, and mating) were pooled by sex and analyzed using one-way ANOVA to compare response of each sex to different lure treatments.
Results
Olfactometer Response of Plum Curculio to Commercial
Analysis of the pooled data showed that when BZ and PE were compared as binary odor treatments, plum curculio females ( = 92.29, d.f. = 3, and < 0.0001) and males ( = 175.6, d.f. = 3, and < 0.0001) were significantly more attracted to PE than to BZ or the controls (Figure 1(a) ). Similarly, the results of the binary comparison of GA versus PE showed significantly greater attraction of females ( = 69.06, d.f. = 3, and < 0.0001) and males ( = 104.4, d.f. = 3, and < 0.0001) to PE than to GA or the controls (Figure 1(b) ). The results of the binary comparison of BZ versus GA showed greater response of females to one of the controls than to BZ or GA ( = 9.8, d.f. = 3, and < 0.0001), and no differences were recorded between BZ and GA (Figure 1(c) ). Similarly, significantly fewer males responded to BZ compared to GA or the controls ( = 16.4, d.f. = 3, and < 0.0001) (Figure 1(c) ). Together, these results indicate the nonattractiveness of BZ and GA lures in our olfactometer bioassays.
The results of the second binary experiments in which PE was compared against a combined lure treatment (i.e., BZ + PE, BZ + GA, or PE + GA) confirmed the superior attractiveness of the PE lure (Figure 2 ). In the binary comparison of PE versus BZ + PE, both the females ( = 89.5, d.f. = 3, and < 0.0001) and males ( = 42.7, d.f. = 3, and < 0.0001) showed greater response to PE than to BZ + PE or the controls (Figure 2(a) ). Similarly, females ( = 65.9, d.f. = 3, and < 0.0001) and males ( = 76.4, d.f. = 3, and < 0.0001) were more attracted to PE than to BZ + GA or the controls (Figure 2(b) ). Females ( = 34.27, d.f. = 3, and < 0.0001) and males ( = 45.56, d.f. = 3, and < 0.0001) also showed greater attraction to PE than to PE + GA or the controls (Figure 2(c) ). Similar results were also obtained when PE was compared against a treatment consisting of the three lures (i.e., BZ + PE + GA; data not presented). In addition to confirming the superior attractiveness of PE, these results also showed the nonattractiveness of BZ not only as a single lure but also when combined with PE.
Olfactometer Response of Plum Curculio to Chemical
Components in Commercial Lures. Four-choice olfactometer tests were conducted to evaluate response of plum curculio to multiple treatments comprising the lures and their key chemical components (i.e., 3 odor treatments and 1 control). In experiment 1, the following four treatments were compared: BZ lure, pure synthetic BEN, pure synthetic TCB, and control. The results showed that females ( = 9.64, d.f. = 3, and < 0.0001) and males ( = 6.87, d.f. = 3, and < 0.0007) were significantly more responsive to the control than to BZ lure or TCB (Table 2 ). Both sexes also showed slightly lower response to BEN than to the control. The results of experiment 2 in which PE was compared against TCB and PE + TCB showed that females were significantly more attracted to PE than to TCB or the control ( = 17.27, d.f. = 3, and < 0.0001). Also, females were numerically more attracted to PE than to PE + TCB (Table 3) . Similarly, males were significantly more attracted to PE than to the remaining treatments ( = 12.50, d.f. = 3, and < 0.0001) ( Table 2) . These results again confirmed the attractiveness of the PE lure and the inhibitory effect of TCB when mixed with PE.
Estimation of Release Rates of Commercial Lures and Synthetic
Components. Significant differences in release rates were recorded among the lures and compounds (i.e., BEN, BZ, PE, and TCB) ( = 60.66, d.f. = 3, and < 0.0001). The gravimetric release rate of PE was much higher than the release rates of the other treatments (Table 3 ).
Discussion
The results of this laboratory study confirmed the attractiveness of the commercial plum essence lure (PE) (a synthetic mixture of plant essence) to plum curculio. Of the tested lures and synthetic components, PE was by far the most attractive to both sexes. This finding is in agreement with previous reports of PE as an attractant for plum curculio in the field [9, 23, 24] . The relatively greater attractiveness of PE lure may be due to its higher release rates, as determined in the release rate experiment. Our results, however, showed that the commercial benzaldehyde (BZ) lure was not attractive to plum curculio in olfactometer bioassays. This somewhat surprising finding is in contrast to the results of field studies which demonstrated attraction of plum curculio to traps baited with benzaldehyde [17] . In fact, BZ lure is commonly regarded as the most attractive lure for plum curculio when combined with GA and is widely used for monitoring the pest in the field [17, 26, 28, 43] . The third commercial lure tested, grandisoic acid (GA), which is the male-produced aggregation pheromone of plum curculio [25] was also not Psyche 7 attractive to both sexes when tested either as single lure or in combination with other lures. The results of the experiments in which combined lures were tested further confirmed the superior attractiveness of PE lure, which was more attractive than any combinations of the three lures. Combining BZ or GA lure with PE lure resulted in reduced attractiveness of PE lure. The data actually suggest a repellent or inhibitory effect of BZ when combined with PE and a neutral effect of combining GA with PE. These results are again contrary to some field studies which reported either a synergistic effect of combining BZ or GA lures [26] or an additive interaction between BZ and PE and between BZ and GA [9] . The combined BZ + GA lure is presently the most widely used attractant for monitoring plum curculio in orchards [22, 26, [28] [29] [30] . Also, a recent field study by our group showed that the combined BZ + PE was the most effective lure for monitoring plum curculio in Alabama peaches [9] . However, both combined lures (BZ + GA and BZ + PE lures) were not as attractive as the single PE lure in the present study. The difference between the results of this laboratory study and the above field reports may be related to differences between experimental conditions and other factors such as the release rates of the lures. Chemical compounds such as the lures tested in this study, which depend on prevailing environmental conditions to be released in the right concentration, are likely to vary in their performance in fluctuating field conditions compared to the more stable laboratory environment. Intriguingly, the results of the GC-MS analyses of the lures showed that benzaldehyde (BEN) was the major component released from both BZ and PE lures (Akotsen-Mensah et al., unpublished). Why then is PE lure more attractive than BZ lure? The answer to this question is possibly related to the presence of 1,2,4-trichlorobenzene (TCB) in BZ lure. TCB is formulated with BZ lure as a stabilizing agent and was the only additional component released from BZ lure. TCB, however, was not detected in PE lure. This led us to hypothesize that the reduced attractiveness (or inhibitory effect) of BZ lure was due to TCB. We tested this hypothesis by comparing attraction of plum curculio to PE, TCB, and PE + TCB. The results indicated reduced attraction of plum curculio to PE + TCB compared to PE alone. However, it was unclear if TCB actually played a role in the observed nonattractiveness of BZ lure since the weevils were also not attracted to pure synthetic BEN. There is currently no evidence which suggests that TCB is a component of the general volatiles complex released by any of the host plants of plum curculio. Hence, we can only speculate that plum curculio is not likely to have evolved the ability to respond to TCB. However, the data which showed a threefold reduction in the response of both sexes to TCB compared to the control may suggest the possibility of an inhibitory effect of TCB. The reduced attractiveness of the combined PE + TCB treatment relative to PE further supports this possibility. Although BEN has been shown to degrade rapidly to benzoic acid and trans-stilbene in the laboratory [22] , we did not detect these compounds in our analyses when BZ was exposed in the laboratory for up to 48 hours. Therefore, the nonattractiveness of BZ lure and BEN could not be attributed to degradation to benzoic acid Psyche and other compounds. Our preliminary result using GC-MS analyses which showed that BEN was detected in greater amounts in BZ lure than in PE lure are not as relevant as the release rate results which showed that PE lure was released at a higher rate (∼4-fold) than BZ lure (Akotsen-Mensah, unpublished). In general, the data showed no significant effect of physiological factors (i.e., age, diet, and mating) or sexual differences on the response of plum curculio to the tested lures. These results led us to reject most of our hypotheses and were somewhat surprising, in particular the null effect of diet on response. We had expected that plum curculio, which uses the same resources (fruit) for food and oviposition, will show greater response to fruit-based odor when starved than when fed. The results are in contrast to those reported by [15] , which showed that starved weevils responded more than fed weevils to hexane extract of wild plum. However, it should be noted that the study by [15] used overwintering adults whose physiological conditions were largely unknown (with the exception of diet), whereas the weevils used in the present study were from a laboratory source and with known physiological conditions. Previous studies on the effect of physiological factors on response of other weevil species to odor have produced different results. While some studies have reported significant effect of some physiological factors on beetle response to host odor (e.g., [31] [32] [33] [34] 44] ), others have reported no effect [45] . In conclusion, the results of this laboratory study demonstrated significant attraction of plum curculio to PE lure. Contrary to field reports, GA lure was not attractive, while BZ lure was inhibitory. The difference between our results and previous field reports may be due to several factors. The inhibitory effects of BZ lure may be due to the presence of TCB. Aside from this, it is plausible that the weevils reared in the laboratory are different from those that occur naturally in the field in their response to odor. In addition, the northern strain of plum curculio tested in most of the field studies and the southern multivoltine strain tested in the present study may differ in their behavioral response to odor. Future studies are necessary to further determine the basis for the inhibitory effect of BZ lure recorded in this study.
